■ The neural response to unpredictable auditory events is suggested to depend on frontotemporal interactions. We used magnetoencephalography in patients with behavioral variant frontotemporal dementia to study change detection and to examine the impact of disease on macroscopic network connectivity underlying this core cognitive function. In patients, the amplitudes of auditory cortical responses to predictable standard tones were normal but were reduced for unpredictable deviant tones. Network connectivity, in terms of coherence among frontal, temporal, and parietal sources, was also abnormal in patients. In the beta frequency range, left frontotemporal coherence was reduced. In the gamma frequency range, frontal interhemispheric coherence was reduced whereas parietal interhemispheric coherence was enhanced. These results suggest impaired change detection resulting from dysfunctional frontotemporal interactions. They also provide evidence of a rostrocaudal reorganization of brain networks in disease. The sensitivity of magnetoencephalography to cortical network changes in behavioral variant frontotemporal dementia enriches the understanding of neurocognitive systems as well as showing potential for studies of experimental therapies for neurodegenerative disease. ■
INTRODUCTION
The behavioral variant of frontotemporal dementia (bvFTD) is characterized by progressive change in personality, empathy, personal conduct, and disinhibition with loss of insight (Rascovsky et al., 2011; Neary et al., 1998) . For bvFTD and other major neurodegenerative diseases, a new systems neurobiological model is emerging, which emphasizes the selective vulnerability of brain networks. This network paradigm draws extensively on brain imaging, including regional activation with mental operations (Hughes, Nestor, Hodges, & Rowe, 2011) , functional networks (Zhou, Gennatas, Kramer, Miller, & Seeley, 2012; Pievani, de Haan, Wu, Seeley, & Frisoni, 2011) , metabolic activity (Kipps, Hodges, Fryer, & Nestor, 2009) , and structure (Rohrer, Ridgway, et al., 2010; Whitwell et al., 2009 ). In addition to explaining clinical phenomena, this systems level analysis may facilitate diagnostic, prognostic, or therapeutic biomarkers for novel treatments (Boxer & Boeve, 2007) .
To assess the impact of neurodegenerative disease on pathophysiological and cognitive processes, formal analyses of functional neuronal networks are required (Horwitz & Rowe, 2011; Rowe, 2010) . In the context of bvFTD, neuroimaging methods have shown characteristic changes in frontal, limbic, and anterior temporal structures based on PET imaging of metabolic activity (Kipps et al., 2009; Salmon et al., 2006) and structural morphometrics of MRI, including voxel-based morphometry (Gordon et al., 2010; Rohrer, Geser, et al., 2010; Pereira et al., 2009; Whitwell et al., 2009; Williams, Nestor, & Hodges, 2005) . The frontal cortex is one of the regions of maximal pathology, hypometabolism, and cortical atrophy in bvFTD (Gordon et al., 2010; Rohrer, Geser, et al., 2010; Kipps et al., 2009; Pereira et al., 2009; Whitwell et al., 2009; Seeley et al., 2008; Williams et al., 2005) particularly arising within superficial layers in frontal cortex (Hampton et al., 2010; Cairns et al., 2007; Mackenzie, 2007) . Frontotemporal white matter tracts are also abnormal in bvFTD (Acosta-Cabronero et al., 2011; Whitwell et al., 2010) . However, these methods do not directly assess the communication within the relevant functional networks.
A formal connectivity approach can be applied to bvFTD using fMRI, for example, covariance of the spontaneous low-frequency fluctuations in resting state fMRI mirror the neurodegenerative changes in anatomical structure and connectivity Seeley, Crawford, Zhou, Miller, & Greicius, 2009) . The utility of electrophysiological and biomagnetic measures in examining abnormal brain connectivity in degenerative disease has also been recognized (cf. Zamrini et al., 2011; Stam, 2010) . EEG and magnetoencephalography (MEG) of degenerative disease have shown reorganization of dynamic neural networks (de Haan et al., 2009 (de Haan et al., , 2012 Stam, 2010) . In bvFTD, these methods have revealed specific connectivity changes and abnormal network topology (Zhou et al., 2012) , with both decreases and increases in connectivity between regions. However, less is known about the impact of bvFTD on networks subserving specific cognitive operations.
The current study aimed to examine the impact of bvFTD on a fundamental cognitive operation: the detection of unpredicted events or change. Such change detection is readily assessed using an auditory MMN paradigm. Classical auditory MMN paradigms typically present a stream of predictable "standard" tones interspersed with "deviant" tones that differ from the standard by one dimension (e.g., by a change in intensity or duration). With EEG or MEG, a characteristic MMN difference in response to the two tone types is seen with a strong early component between 100 and 200 msec from tone onset.
The early MMN component is generated within bilateral auditory temporal and frontal cortices (Rosburg et al., 2005; Doeller et al., 2003; Schall, Johnston, Todd, Ward, & Michie, 2003; Liasis, Towell, Alho, & Boyd, 2001; Näätänen & Alho, 1995; Giard, Perrin, Pernier, & Bouchet, 1990) . The temporal cortical MMN is affected by neuropsychiatric syndromes, suggesting a sensitive but nonspecific marker of disease (Näätänen et al., 2011 (Näätänen et al., , 2012 Bronnick, Nordby, Larsen, & Aarsland, 2010; Näätänen & Kahkonen, 2009; Thonnessen et al., 2008; Engeland, Mahoney, Mohr, Ilivitsky, & Knott, 2002; Pekkonen, Hirvonen, Jaaskelainen, Kaakkola, & Huttunen, 2001; Pekkonen, 2000) . On the basis of the reduction of the MMN following frontal lobe injury (Alain, Woods, & Knight, 1998; Alho, Woods, Algazi, Knight, & Näätänen, 1994) , we hypothesized that the integrity of the frontal lobe and frontotemporal connections are necessary for auditory change detection for many types of unpredictable sensory events.
The role of frontotemporal connections in generating an MMN can be assessed by coherence analyses or dynamic causal modeling of electrophysiological data. For example, dynamic causal models have demonstrated acute modulation of bidirectional connections between frontal and temporal cortex, underlying the MMN response to unexpected tones (Garrido et al., 2008) . Furthermore, the MMN is associated with changes in local and distributed frontotemporal networks in the alpha and beta bandwidths (Hsiao, Cheng, Liao, & Lin, 2010) and gamma frequency band (Nicol et al., 2012) . These methods suggest frequency-specific and hierarchically distributed frontotemporal networks for change detection and the MMN.
The importance of this network connectivity has been attributed to its role in predictive coding (Wacongne, Changeux, & Dehaene, 2012; Wacongne et al., 2011; Garrido, Kilner, Kiebel, & Friston, 2009; Garrido et al., 2008) within a generalized cognitive framework that encompasses sensory repetitions and goal-oriented behaviors (Friston, Daunizeau, Kilner, & Kiebel, 2010; Friston & Dolan, 2010) . In these predictive coding schemes, the sources of backward connections are thought to arise in deep cortical layers (Mumford, 1992,) that preferentially express lower frequencies whereas forward connections in superficial cortex may exploit gamma oscillations (Arnal, Wyart, & Giraud, 2011; Buffalo, Fries, Landman, Buschman, & Desimone, 2011; van Aerde et al., 2009; Kiebel, Daunizeau, & Friston, 2008) .
Given the frontal and temporal neuropathology in bvFTD, coupled with severe cognitive and behavioral impairments, the auditory MMN is an ideal paradigm to study the functional anatomy and connectivity of frontotemporal networks. We therefore used MEG to measure the MMN in an "optimum" multifeature paradigm, with five types of deviant stimulus (Näätänen, Pakarinen, Rinne, & Takegata, 2004) .
We tested two key hypotheses using two models of source analysis: First, we examined the auditory cortical waveforms in response to standard and deviant tones. We predicted that despite normal responses to standard tones, the generation of an MMN would be impaired in patients with bvFTD, with reduced amplitudes to deviant tones despite relative preservation of auditory cortex. Second, we predicted bvFTD to be associated with changes in network connectivity, measured here in terms of frequency-specific coherence among frontal, temporal, and parietal sources. We proposed that changes in coherence due to altered feedback from frontal to temporal sources would be seen particularly in low-frequency alpha and beta bands. We also predicted changes in gamma coherence in bvFTD based on the gamma connectivity associated with MMN (Nicol et al., 2012) and the neuropathological burden in the superficial cortical layers (Hampton et al., 2010; Cairns et al., 2007; Mackenzie, 2007) , which support gamma synchrony (Buffalo et al., 2011) .
METHODS

Participants and Task
Twelve right-handed patients with progressive bvFTD (clinical diagnostic criteria, including abnormal clinical imaging; Rascovsky et al., 2011; Neary et al., 1998) were recruited from the early dementia clinic at Addenbrookeʼs Hospital. Patients with nonprogressive mimics of bvFTD were not included (Kipps, Hodges, & Hornberger, 2010) . One patient was excluded for being below the required screening hearing threshold. Patients underwent neuropsychological assessment including the revised Addenbrookeʼs cognitive examination (ACE-R; Mioshi, Dawson, Mitchell, Arnold, & Hodges, 2006) and Mini-Mental State Examination (MMSE). Caregivers completed the Cambridge Behavioral Inventory to provide an assessment of the severity of behavioral symptoms ( Wedderburn et al., 2008) . Seventeen righthanded healthy older adults were recruited from the volunteer panel of the MRC Cognition and Brain Sciences Unit. No volunteers in the control group had a history of significant neurological, rheumatological, or psychiatric illness nor had any cognitive complaints. Patient and control groups did not differ significantly in terms of age or sex (bvFTD: age mean = 60 years, range = 42-68 years, seven men; Control: age mean = 61 years, range = 50-72 years, seven men). The mean duration of diagnosis was 4 years.
Patients had moderately severe impairments in global cognitive function and high rates of carer endorsements on the Cambridge Behavioral Inventory: Patient details are summarized in Table 1 . The study was approved by the local Research Ethics Committee, and participants gave written informed consent.
The multifeature "Optimum-1" paradigm (Näätänen et al., 2004) was used to study the MMN response. The standard tone was a harmonic tone of 75-msec duration, comprising three sinusoidal partials of 500, 1000, and 1500 Hz. The five deviant tones differed from the standard by either frequency band (550, 1100, 1650 Hz), intensity (±6 dB), duration (25 vs. 75 msec), side of sound source (left or right sided rather than bilateral), and a silent gap (silent mid 25 msec). After each standard tone, one of the five deviants was presented in a pseudorandom order, such that in a sequence of 10 tones, each deviant type was presented once but the same deviant type was never immediately repeated. Tones were presented every 500 msec in three blocks of 5 min, with a total of 900 standards and 900 deviants. Tones were presented binaurally via plastic tubes and earpieces at approximately 60 dB above the hearing threshold (hearing thresholds were determined in the MEG, using an adaptive algorithm with pure tones at 1000 Hz).
Data Processing
Continuous MEG data were collected with a 306-channel Vectorview system in a magnetically shielded room (Elekta Neuromag, Helsinki, Finland), including a magnetometer and two orthogonal planar gradiometers at each of 102 positions. Data were down-sampled from 1000 to 333 Hz. Vertical and horizontal eye movements were recorded using paired EOG electrodes. Five head position indicator coils were used to monitor head position. The threedimensional locations of the head position indicator coils and approximately 80 "head points" across the scalp and three anatomical fiducials (the nasion and left and right pre-auricular points) were recorded using a 3-D digitizer (Fastrak Polhemus, Inc., Colchester, VA). Data were preprocessed using MaxFilter software (Elekta-Neuromag) with movement compensation.
Data were high-pass filtered above 0.1 Hz (butterworth filter 6 dB/oct with no added padding). Artifact detection and eye blink correction used Brain Electrical Source Analysis (BESA Version 5.2, Germany). The artifact rejection threshold was set to 2500 ft for magnetometers and 900 ft for gradiometers. Eye blinks were corrected using BESAʼs adaptive artifact correction and modeled in the source analysis with one fixed source. Epochs (−100 to 400 msec after tone onset) were time locked to the tone onset and baseline corrected (−100 to 0 msec). Two source models were used to examine the MMN. The first dipole model was used to explicitly compare between groups, the auditory cortical source waveform of the MMN. The second model examined frontal, temporal, and parietal coherence to specifically test our hypotheses that in patients the frontotemporal and frontal interhemispheric coherence would be affected by disease. Although this method allows us to test specific hypotheses about known regions associated with the oddball paradigm, it restricts analyses to a discrete number of regions (and their interactions). Thus, we do not claim that differences between patients and controls are only within these brain regions.
Data Analysis
Model 1
Data were bandpass-filtered 1-40 Hz, and epochs for the standard tones were averaged and subtracted from the average for each of the five deviant types. Using this model, we also examined the neurophysiological responses of the participants to the standard tones to further clarify that any difference between patients and controls was not due to auditory deficits. The peak latency and amplitude of the M100 (MEG equivalent of the N100, a negatively evoked potential between 80 and 120 msec after tone onset) was estimated in addition to the MMN. Source analysis of evoked responses was performed for each participant on the MMN difference and to the standard tone using gradiometer data (bandpass-filtered 1-40 Hz). The forward model topography (leadfield) was estimated using a realistic head model in BESA 5.2, coregistered by fiducial and digitized scalp loci. The inverted leadfield matrix was applied to the gradiometer data to estimate two bilateral equivalent current dipoles (regional sources) across an interval of 100-200 msec for the mismatch waveforms (deviant vs. standard) and 50-150 msec for responses to the standard tones. Sources were optimized by varying location and orientation iteratively to minimize residual difference between scalp and model waveforms. Fitting was constrained by symmetry on the two source locations to ensure right and left auditory cortical sources were modeled efficiently, with 1% regularization constant to stabilize source fitting in the presence of noise. An analysis of variance examined potential differences in the location of sources in standardized space for each of the five deviants and between the patient and control groups. There were no differences in location between the five deviant tones, F(4, 108) = 0.12, ns, nor between the groups (controls: X = 45.34, Y = −16.23, Z = 2.19; patients: X = 46.47, Y = −18.26, Z = 1.86), F(1, 27) = 0.37, ns. The two sources accounted for a mean of 86.47% of global variance in patients and 91.26% in controls.
Statistical analyses were conducted on the waveforms from the primary orientation of each regional source. The mean amplitude and the first peak latency were estimated during an interval of 100-200 msec for the MMN waveform (to capture the likely MMN based on previous literature; Bronnick et al., 2010; Näätänen & Kahkonen, 2009; Thonnessen et al., 2008; Näätänen, Jacobsen, & Winkler, 2005; Engeland et al., 2002; Pekkonen et al., 2001; Pekkonen, 2000) and the peak negative amplitude within 50-150 msec for the standard tone waveform (to include the M100). Two repeated-measures ANOVAs were used to examine differences in Amplitude and Latency of the five deviant types (duration, frequency, side of tone, gap, and intensity) from the left and right auditory cortical sources, with Disease as a betweensubject condition (bvFTD patients vs. Controls). To examine group differences in response to the standard tone, four t tests were used to test amplitude and latency differences in the M100 for the right and left cortical sources. Where appropriate, statistics were corrected using Greenhouse-Geisser estimates and considered significant at p < .05.
Model 2: Coherence Analysis
A multidipole model with six fixed regional sources was used to explore coherence among prespecified regions, including bilateral temporal sources (based on the optimal location of both groups in Model 1), frontal sources (MNI coordinates +/−35, 33, 28), and parietal sources (+/−34, −71, 13) fitted to each participant by optimal orientation. The frontal and parietal source locations were based on the BESA auditory-evoked potentials standard source montage. Inversion procedures were the same as Model 1.
We used coherence to examine network connectivity, providing a measure of the relationships between spatially segregated signals in the frequency domain (Rossini, Rossi, Babiloni, & Polich, 2007; Hoechstetter et al., 2004; Thatcher, Krause, & Hrybyk, 1986) . Each participantʼs six source model was used as a source montage for coherence analysis of single trial data, bandpass-filtered between 10 and 100 Hz, and notch filtered at 50 Hz. Coherence analysis was estimated on all deviant tones together (to provide a measure of global change detection, rather than investigating each deviant type separately) and all standard tones averaging the cross-spectral density between sources over trials and normalizing by the averaged auto-spectral densities (Hoechstetter et al., 2004) . A lower limit of 10 Hz was used to include induced alpha oscillatory responses but reduce the contribution of evoked responses. For group comparisons, the coherence data for each subject was averaged over the principal MMN period (150 ± 25 msec) for the following frequencies: Alpha band (10-12 Hz), Beta band (14-30 Hz), and three Gamma Bands (1: 30-50 Hz, 2: 50-70 Hz, 3: 70-100 Hz).
Coherence was analyzed in a multivariate repeatedmeasures ANOVA including a between-participant factor comparing patients and controls, with Tone Type (all standard tones vs. all deviant tones) and Frequency Band (alpha, beta, gamma1, gamma2, gamma3) as independent variables, and Source Connection included as dependent variables (seven levels, representing seven potential connections within and between hemispheres, illustrated in Figure 2 , center). Pillaiʼs trace is reported for multivariate analyses and the F ratio for univariate tests. Degrees of freedom were corrected using Greenhouse-Geisser estimates for nonsphericity where appropriate. Effects were considered significant at p < .05.
RESULTS
Evoked Response to the Standard Tone (Model 1)
All participants showed the normal M100 response to the standard tone (see Figure 1) . There was no significant difference in the amplitude of the M100 in patients compared with controls (Left: controls mean amp = −8.5 nAm, SE = 3.7, patients mean amp = −10.6 nAm, SE = 2.9; t(27) = 0.39, ns; Right: controls mean amp = −12.3 nAm, SE = 3.2, patients mean amp = −10.5 nAm, SE = 2.1; t(27) = 0.4, ns). There was no difference in the latency of the peak amplitude lateralized within either left or right auditory cortex (Left: controls peak latency mean = 110 msec, SE = 2.6 msec, patients mean = 108 msec, SE = 2.3 msec, t(27) = 0.41, ns: Right: controls mean = 107 msec, SE = 2.8, patients mean = 108 msec, SE = 2.9, t(27) = 0.31, ns). This suggests that patients and controls had comparable auditory-evoked responses to the standard tone stimuli, and therefore, any differences in the MMN response are not attributable to hearing impairments.
Evoked MMN Waveform (Model 1)
For each participantʼs MMN waveform, the average amplitude and latency of the peak amplitude were calculated during an interval of 100-200 msec for each deviant separately. There were overall significant amplitude differences between patients and controls, with patients having a diminished response compared with controls, F(1, 27) = 5.3, p = .029. However, this group effect did not interact with deviant type, F(2.9, 78.2) = 0.3, ns, or lateralization of auditory cortical response, F(1, 27) = 0.12, ns. There was a significant amplitude difference between the five deviant types, F(2.9, 78.2) = 17.4, p < .001, with the greatest MMN response to the duration deviant and the smallest response to the side of sound source deviant. Deviant type also interacted with lateralization of auditory response, F(3.5, 95) = 4.3, p = .004, with right auditory cortex having a marginally greater MMN amplitude than left (see Figure 1 ).
There were no effects of Disease on peak latency: Patients and controls did not differ in the latency of the peak response, F(1, 27) = 0.1, ns, and there were no interactions of disease with deviant type, F(4, 108) = 1.05, ns, nor disease with lateralization of response, F(1, 27) = 0.4, ns. There was a significant latency difference between the five deviant types, F(4, 108) = 14.4, p < .001; the frequency deviant had the earliest peak response, and duration and intensity deviants had the latest peak. There were no other significant effects.
There were no significant correlations between cognitive measures of disease severity (MMSE and ACE-r) and amplitude of the MMN. However, it should be noted that, although the ACE-r is sensitive to the presence of bvFTD and can reliably track a patients clinical progression, a given score does not represent an objective marker of the neuropathological stages of disease.
Coherence Analysis (Model 2)
Coherence was used to explore network connectivity, comparing tone type (all the deviant tones and all the standard tones), among six prespecified regions, including bilateral frontal, temporal, and parietal sources across five frequency bands (alpha, beta, and three gamma bands). A repeated-measures multivariate analysis did not identify any overall categorical coherence differences between the patient and control groups (Pillaiʼs trace = 0.3, F(7, 21) = 1.3, p = ns). There were significant interactions between Group and Tone Type (Pillaiʼs trace = 0.46, F(7, 21) = 2.5, p = .04), between Group and Frequency Band (Pillaiʼs trace = 0.45, F(28, 420) = 1.9, p = .004), and between Group, Tone Type, and Frequency Band (Pillaiʼs trace = 0.49, F(28, 420) = 2.1, p = .001). These critical higher-order interactions indicate that group differences were greater when comparing coherence for the deviant and standard tone types in a subset of frequency bands.
The significant interactions of interest were examined in the univariate analyses to indicate which source connections had the greatest differences. The significant interaction between Group and Tone Type was driven by changes within left frontotemporal connectivity, F(1, 27) = 6.9, p = .014. The significant interaction between Group, Tone Type, and Frequency Band was also driven by changes within left frontotemporal connectivity, F(1.9, 53.7) = 4.5, p = .016, respectively. These changes were evident in the alpha and beta bandwidths, for which patients have reduced coherence for the standard tone (Figure 2A ). The significant interaction between Group and Frequency Band was due to changes in interhemispheric connections between the frontal sources, F(1.5, 42.9) = 4, p = .033 ( Figure 2B) , and between the parietal sources, F(1.2, 32.6) = 5, p = .025 ( Figure 2F ). These interactions were confirmed in a post hoc repeated-measures ANOVA of Connection (parietal vs. frontal) by Frequency (5 bands), by Tone Type (Deviant vs. Standard), between groups (patients vs. controls). The results show a significant interaction between Group and Site, F(1, 27) = 4.4, p = .04, suggesting that patients have relatively decreased frontal gamma coherence and increased parietal gamma coherence.
DISCUSSION
Our results show that the bvFTD impairs the automatic detection of sensory change. The global reduction of MMN to all deviant types was not attributable to an impairment of auditory cortical processing of standard tones. In addition, bvFTD changed the connectivity among frontal, temporal, and parietal cortices, specifically reducing beta band coherence in frontotemporal connections and reducing gamma coherence between frontal interhemispheric sources. However, coherence was not simply reduced in bvFTD, and coherence changes were not restricted to the deviant tone types. Rather, network connectivity was reorganized in an anatomically specific and frequency-specific manner, including an increase in gamma coherence between parietal sources to both tone types.
It is striking that bvFTD affected the response to all types of deviant stimuli, suggesting a global deficit of MMN generation. The MMN has been described as an index of many cognitive operations, including memory, language, and attention, and selective changes have been observed in neurodegenerative and psychiatric syndromes, for example, in Parkinson disease, Alzheimer disease, Huntington disease, and schizophrenia (Bronnick et al., 2010; Näätänen & Kahkonen, 2009; Thonnessen et al., 2008; Engeland et al., 2002; Pekkonen et al., 2001; Pekkonen, 2000) . There are several interpretations of this phenomenon. One influential hypothesis explains the MMN as evidence of local sensory memory traces in sensory cortex, including auditory cortex (Näätänen, Paavilainen, Rinne, & Alho, 2007; Näätänen et al., 2005) . This mnemonic hypothesis further suggests that the local sensory memory traces are an essential precursor for an auditory change detection mechanism, which triggers attentional switches to unattended auditory stimuli. Attentional deficits are a core symptom of bvFTD, and a dysfunction of early preattentional processes, as measured by the MMN, might contribute toward this impairment. The mechanism of the impairment was examined further in the network connectivity analyses.
We proposed that bvFTD neurodegeneration is associated with changes in distributed neural network connectivity. This was tested using time-frequency coherence analysis of MEG, which enables the identification of changes in specific frequency ranges. The frontotemporal interactions revealed a complex asymmetric pattern. This may reflect functional asymmetries in the normal auditory MMN (Nicol et al., 2012; Garrido, Kilner, Kiebel, et al., 2009) or asymmetry of neuropathology that is seen with some pathological subtypes of bvFTD (Rohrer, Ridgway, et al., 2010) .
In our study, left frontotemporal coherence was reduced in bvFTD, in the lower-frequency bands and particularly to the standard tone, compared with the healthy controls. The role of these lower-frequency oscillations remains controversial (Engel & Fries, 2010) . Frontotemporal phase synchronization in alpha and beta frequencies has previously been reported to contribute towards MMN responses (Hsiao et al., 2010) . In motor control at least, beta oscillations signal the stability of a system, reducing before voluntary phase transitions and increasing in response to errors (Swann et al., 2009 ). In nonmotor paradigms, top-down attentional processes or feedback modulation have been strongly associated with induced beta oscillations (Buschman & Miller, 2009; Iversen, Repp, & Patel, 2009 ).
Both imaging (Boly et al., 2011; Garrido, Kilner, Kiebel, et al., 2009 ) and lesion studies (Alain et al., 1998; Alho et al., 1994) suggest that the MMN is dependent on feedback connections from frontal cortical regions. The role of feedback connections, specifically in the low-frequency bandwidths , has been described within the framework of predictive coding (Wang, 2011; Mumford, 1992) , which has recently been reformulated to describe the MMN in terms of a generic neural function. Garrido, Friston, and colleagues suggest the MMN response is to a mismatch between sensation and expectation Garrido, Kilner, Stephan, & Friston, 2009) . Expectations or predictions are derived from the regularity of standard tones, which are violated by a deviant tone, resulting in an MMN. This is not incompatible with the influential mnemonic hypothesis (Kujala & Näätänen, 2010) but represents a generalization, which accommodates multiple cognitive processes (den Ouden, Friston, Daw, McIntosh, & Stephan, 2009; Summerfield, Egner, Mangels, & Hirsch, 2006; Flanagan, Vetter, Johansson, & Wolpert, 2003) .
A deficit of this core cognitive process, even at an early preattentive stage of processing around 150 msec, could therefore contribute to diverse neuropsychiatric features without altering basic motor or sensory functions. A failure to respond differentially to a deviant tone after a series of standard tones might arise from abnormal network processing of the standard tone and a failure to establish a good predictive model. In Alzheimer disease, impaired MMN responses have been related to a deficit in processing the repetitive standard tone (Cheng, Wang, Hsu, & Lin, 2012) . In bvFTD, we speculate that the reduced frontotemporal coherence may also reflect a failure to establish a predictive model, and in the auditory cortex, this manifests as an impaired MMN. This reduction of connectivity between regions may not be specific to bvFTD, since patients with Alzheimerʼs disease have also revealed a reduction in alpha and beta band synchronization between frontotemporal nodes during resting state (Stam et al., 2006) . Earlier evidence also shows that longer distance connections in the alpha band are affected in both Alzheimerʼs disease and Lewy body dementia (Franciotti et al., 2006) . Although in contrast to our results, de Haan et al. report no reduced synchronization in FTD (de Haan et al., 2009) .
The changes in frontotemporal coherence may be compounded by abnormalities of the major frontotemporal white matter tracts with bvFTD (Acosta-Cabronero et al., 2011; Whitwell et al., 2010 ). An additional potential contributor to the MMN deficit is the reduction in serotonergic projections in bvFTD (Huey, Putnam, & Grafman, 2006; Kahkonen et al., 2005; Ahveninen et al., 2002; Yang & Schmitt, 2001) . A role for serotoninergic medication in the bvFTD deficits seen here requires further evaluation, which is beyond the scope of this study.
The changes in transcallosal coherence were most evident in the gamma range (>30 Hz). In bvFTD, patients had reduced gamma oscillatory coupling between frontal hemispheres, compared with the healthy control participants. Gamma oscillations are a feature of many cognitive tasks including perceptual binding, learning, attention, language, and object perception (Fries, 2009) . There is evidence of enhanced neuronal communication through gamma coherence (Womelsdorf et al., 2007; Fries, Reynolds, Rorie, & Desimone, 2001; Azouz & Gray, 2000) with a direct impact on the selection of behaviorally relevant stimuli (Fries et al., 2001) . Of special relevance are early gamma oscillations (<150 msec) reported to increase for between local intraregional frontal connections for standard tones (Nicol et al., 2012) , potentially related to the matching of top-down predictions with bottom-up inputs (Herrmann, Munk, & Engel, 2004) .
The loss of frontal interhemispheric coherence in the gamma range in the bvFTD patients is potentially important because the selective pathology in the superficial layers of the prefrontal cortex may provide a plausible account for these effects. These superficial layers tend to oscillate with faster (gamma) frequencies (Arnal et al., 2011; Buffalo et al., 2011; van Aerde et al., 2009) and contain the superficial pyramidal cells that are thought to report prediction errors necessary for predictive coding Mumford, 1992) .
Further to the reduced transcallosal gamma coherence between frontal lobes, bvFTD patients also had increased gamma coherence between parietal lobes. Given the typical rostro-caudal gradient of pathology and atrophy in bvFTD, it is likely that the parietal cortex was relatively spared in our patients. This pattern is in contrast to patients with mild cognitive impairment who, during a memory task, are reported to have increased frontal interhemispheric gamma synchronization (Bajo et al., 2010) and loss of gamma power in parietal cortex (Aurtenetxe et al., 2012) .
If gamma coherence enhances communication within networks the increased posterior gamma coherence may represent a compensatory functional reorganization in parietal association cortex. Reorganization of functional connectivity, including enhancement within the less damaged distributed cortical networks, has been noted previously in bvFTD. For example, Zhou and colleagues identified enhanced connectivity in the default mode network using fMRI , whereas de Haan and colleagues observed enhanced clustering metrics in EEG (de Haan et al., 2009) . It is possible that the enhanced parietal gamma coherence results from a loss of parietal suppression by frontoparietal projections. However, in other conditions such as stroke and Alzheimer disease, interhemispheric functional connectivity correlated with preserved cognitive and motor function (Carter et al., 2010; Stam et al., 2006; Strens et al., 2004) suggesting compensation rather than loss of suppression as the basis for increased connectivity.
There are several limitations to our study. First, we do not have postmortem pathological confirmation, although it is likely that both tau and TDP-43 pathologies are present. Second, we assessed our patients at one time point and on their usual medication. Further work is required to show how these changes progress over time or correlate with disease progression. Third, we used a canonical realistic head model for source analysis, coregistered to fiducial markers and scalp but not a subject-specific MRI (patientsʼ MRI scans had been on clinical diagnostic scanners rather than a single sequence close in time to the MEG). It could be argued that group differences in MMN are confounded by atrophy. Against this, however, is that responses to standard tones were normal in location, amplitude, and latency and that coherence effects were frequency specific not global. Despite theoretical advantages for individual MRI-based methods, the forward model for MEG (in contrast to EEG) is similar for individualized models and a canonical realistic head model (Henson, Mattout, Phillips, & Friston, 2009 ). The model is most dependent on the inner skull surface (Hamalainen & Sarvas, 1989) , which is a priori unlikely to change with bvFTD. With severe atrophy, cortical sources could be further from the gradiometers, although when using realistic head models, errors in estimation of localization and amplitude of MEG sources increase minimally for sources 2-3 cm from the skull (Tarkiainen, Liljestrom, Seppa, & Salmelin, 2003) . While important considerations, these anatomical and modeling artifacts are unlikely to be the major cause of the impairments we observe in bvFTD.
Finally, we make no claim that these observed changes in MEG source amplitudes or network coherence are specific to bvFTD. Indeed, a broad range of pathologies may affect the MMN, and we do not propose diagnostic specificity, but note that the deficits are seen here with all types of deviant tones. Nonetheless, within a given patient population, these MEG effects may provide a neurophysiological biomarker, potentially capable of assessing the impact of novel therapies for disease modification or symptomatic benefit, in terms of their restoration of functional connectivity or in terms of facilitated compensation among the brain networks supporting critical cognitive processes.
In conclusion, we have shown that damage to the frontal lobe and frontotemporal connections in the bvFTD impairs the automatic detection of change (or unexpected events) in auditory cortex. This is accompanied by reductions in frontotemporal beta coherence to the standard tone and reduced interfrontal and increased parietal gamma coherence to both standard and deviant tones. These changes have some features in common with other degenerative dementias and mild cognitive impairment but also present differences. Whether the pattern of reduced interfrontal coherence and increased interparietal coherence is specific to bvFTD or could be utilized to enhance the specificity of the disease profile remains to be tested. We interpret these results in terms of an impairment of the prediction of sensory events through frontal and temporal cortical interactions. These impairments contrast with preservation of the response to M100 in temporal cortex. The results contribute to the emerging systems level analysis of FTD including the reorganization of distributed networks, including the enhancement of connectivity among regions that are relatively less affected by the direct neuropathology.
